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Resumen	  	  	   Los	   biomateriales	   se	   hacen	   cada	   vez	  más	   importante	   en	   la	  medicina	  moderna	   y	   se	  utilizan	  para	  curar	  a	  millones	  de	  personas,	  gracias	  al	  avance	  de	   la	   investigación.	  Estos	  materiales	   están	   diseñados	   para	   interactuar	   beneficiosamente	   con	   los	   sistemas	  biológicos.	  Después	  de	  varias	  décadas	  de	   investigación,	  uno	  de	   los	  mayores	  problemas	  sigue	  siendo	  la	  biocompatibilidad,	  que	  es	  la	  capacidad	  del	  material	  para	  llevar	  a	  cabo	  su	  función(es)	  con	  una	  respuesta	  apropiada	  del	  huésped	  en	  una	  situación	  específica.	  Este	   proyecto	   tiene	   como	   objetivo	   participar	   en	   la	   investigación	   global	   de	  mejorar	   la	  biocompatibilidad	   de	   biomateriales	   estudiando	   particularmente	   una	   propiedad	   de	   la	  superficie,	   que	  puede	   tener	  una	   gran	   influencia,	   llamado	   "mojabilidad".	  Traduce	   como	  un	   fluido	   va	   a	   reaccionar	   en	   contacto	   con	   la	   superficie	   del	  material	   y	   depende	   de	   las	  interacciones	  intermoleculares	  entre	  los	  dos.	  Más	  específicamente,	  hemos	  trabajado	  en	  el	   control	   de	   la	  mojabilidad	   haciendo	  microestructuras	   en	   placas	   de	   acero	   inoxidable,	  después	  de	  estudiar	  los	  tres	  modelos	  de	  mojabilidad	  descritos	  por	  los	  científicos	  Young,	  Wenzel	  y	  ambos	  Cassie	  y	  Baxter.	  Esta	  investigación	  contiene	  tres	  partes.	  En	  la	  primera,	  intentamos	  producir	  estructuras	  de	  micro	  pilares	  con	  un	  Focused	  Ion	  Beam	  (FIB)	  con	  el	  fin	  de	  probar	  las	  capacidades	  y	  los	  límites	  de	  este	  proceso	  y	  teniendo	  en	  cuenta	  que	  tal	  vez	  le	  usaremos	  en	  un	  proceso	  de	  estampación	  de	  microestructuras.	  En	  una	  segunda	  parte	  se	  utilizó	  un	  dispositivo	  de	  micro-­‐corte,	   equipado	   con	   una	   herramienta	   de	   diamante,	   para	   hacer	   estructuras	   de	  micro	  ranuras	  y	  luego,	  estructuras	  de	  micro	  pilares	  sobre	  áreas	  suficientemente	  grandes	  para	  que	  sea	  posible	  probar	  su	  mojabilidad.	  Al	  mismo	  tiempo,	  un	  trabajo	  teórico	  se	  ha	  hecho	   con	   el	   fin	   de	   comparar	   las	  mojabilidades	   teorética	   y	   experimental.	   Por	   último,	  hemos	  diseñado	  la	  geometría	  y	  el	  proceso	  con	  el	  FIB	  de	  dos	  herramientas	  de	  diamante	  "borde	  múltiples"	  que	  optimizarán	  el	  proceso	  de	  micro	  corte	  en	  las	  siguientes	  obras.	  El	  FIB	  no	  parecía	  ser	  adecuado	  con	  nuestro	   trabajo.	  De	  hecho,	  a	  pesar	  de	  que	  hicimos	  pequeñas	  microestructuras	  muy	  precisos,	   este	   dispositivo	   requiere	  demasiado	   tiempo	  para	  procesar	   superficies	   buenas	   y	   comprobables,	   es	   por	   eso	  que	   seguimos	   el	   trabajo	  con	  la	  máquina	  de	  micro	  corte.	  En	  primer	  lugar,	  cavamos	  ranuras	  (desde	  1	  hasta	  10	  μm	  de	   profundidad)	   con	   la	   herramienta	   de	   diamante.	   Hemos	   demostrado	   que	   cuando	   la	  estructura	  de	   ranura	  pone	   la	   superficie	  en	  el	  modelo	  de	  Cassie-­‐Baxter,	  podemos	  bajar	  significativamente	   su	   mojabilidad.	   Los	   resultados	   fueron	   aún	   más	   relevantes	   con	  estructuras	  de	  pilares	   :	   aumentamos	  el	   ángulo	  de	   contacto	  de	  una	   superficie	  de	   acero	  inoxidable	  de	  86,6	  °	  a	  149,3	  °.	  Sin	  embargo,	  hemos	  visto	  que	  el	  proceso	  de	  corte	  de	  tan	  pequeña	  profundidad	  es	  difícil	  de	  controlar	  y	  no	  tan	  neta	  y	  clara	  como	  deseable.	  Finalmente,	  hemos	  diseñado	  y	  hecho,	  con	  el	  FIB,	  dos	  herramientas	  de	  diamante	  borde	  múltiples	  que	  mejoraran	  el	  proceso	  de	  corte	  para	  los	  siguientes	  investigadores. 
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7	  Introduction	  	  	   Biomaterials	  can	  be	  made	  of	  natural	  or	  artificial	  raw	  materials	  that	  are	  machined	  to	  complete	   a	   specific	   function.	   More	   precisely,	   they	   are	   materials	   designed	   in	   order	   to	  have	   a	   beneficial	   interaction	   with	   biological	   systems	   and	   are	   becoming	   increasingly	  popular	   in	   the	   medical,	   and	   pharmaceutical	   industries.	   For	   instance,	   within	   the	  ophthalmic	   field,	   the	   best	   example	   of	   biomaterial	   is	   the	   contact	   lenses	  worn	   by	  more	  than	  125	  million	  people	  worldwide.	  Nowadays,	  even	  if	  biomaterials	  give	  really	  satisfying	  results	   in	   a	   lot	   of	   functions	   they	   still	   know	   a	   continuous	   improvement.	   The	   common	  property	  to	  all	  of	  them	  is	  their	  biocompatibility,	  which	  is	  the	  property	  to	  be	  accepted	  by	  the	  biological	  system	  without	  giving	  any	  kind	  of	  unfavourable	  response	  and	  one	  of	  the	  biggest	   issues	   is	   to	   reach	   the	  best	  biocompatibility	   to	   increase	   the	  maximum	   time	   the	  biomaterial	  can	  stay	  in	  the	  system.	  	  A	   characteristic	   that	   can	   significantly	   influence	   this	   property	   is	   that	   related	   to	   the	  surface	  wettability	  of	  the	  material,	  which	  is	  often	  determined	  by	  measuring	  the	  contact	  angle	  of	  a	  droplet	  and	  its	  surface.	  For	  instance,	  in	  the	  case	  of	  surgical	  tools,	  it	  is	  better	  to	  have	  the	  lowest	  adhesion	  of	  blood	  on	  their	  surfaces	  or	  in	  the	  case	  of	  hip	  prosthesis,	  the	  wear	  has	  to	  be	  minimized	  in	  the	  ball	  joint.	  In	  both	  examples,	  lowering	  the	  wettability	  of	  surfaces	   could	   improve	   the	   biocompatibility	   minimizing	   these	   adverse	   effects.	   A	   first	  way	  to	  lower	  the	  wettability,	  which	  was	  the	  purpose	  of	  a	  previous	  study	  led	  by	  my	  co-­‐worker,	  is	  to	  reduce	  the	  average	  grain	  size	  of	  the	  stainless	  steel	  but	  its	  influence	  is	  quite	  limited.	   Another	   solution,	   observable	   in	   the	   nature,	   is	   the	   presence	   of	   micro	   and	  nanostructures	  on	  the	  surface.	  Indeed,	  the	  most	  famous	  example	  is	  the	  lotus	  that	  has	  a	  really	  low	  wettability	  on	  its	  leaves	  thanks	  to	  their	  hierarchical	  micro	  and	  nanostructures.	  It’s	  commonly	  called	  the	  “lotus	  effect”.	  	  The	  aim	  of	  this	  research	  is	  to	  control	  the	  wettability	  with	  microstructure	  size,	  shape	  and	  alignment.	  This	  kind	  of	  research	  being	  quite	  new,	  we	  only	  work	  with	  a	  scientific	  point	  of	  view	   and	   not	   directly	   for	   a	   specific	   application.	   We	   will	   focus	   our	   study	   on	   the	  micromachining	  of	  stainless	  steel	  using	  a	  Focused	   Ion	  Beam	  (FIB)	  and	  a	  micro	  cutting	  device	   provided	   with	   diamond	   tools.	   We	   will	   consider	   different	   parameters	   of	   the	  process	  used	  such	  as	  the	  reproducibility,	  the	  industrial	  feasibility	  or	  the	  time.	  First,	  I	  will	  present	  a	   little	  of	   “state	  of	   the	  art”	  about	  micromachining,	  microstructures,	  wettability	  and	  biomaterials.	  Then,	  after	  introducing	  the	  different	  devices	  and	  methods	  used,	  I	  will	  present	  my	  work,	   beginning	  with	   the	   tests	  made	  with	   the	   FIB	   and	   following	  with	  my	  research	   with	   the	   micro	   cutting	   device.	   In	   this	   part	   I	   will	   expose	  my	   theoretical	   and	  practical	  work	  about	  micro	  machined	  structures	  using	  a	  simple	  diamond	  tip.	  Eventually,	  I	  will	  present	  the	  designing	  and	  machining	  of	  two	  multi-­‐edge	  diamond	  tools.	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  I.	  State	  of	  the	  art	  :	  	  1.	  Micromachining	  
 	   In	  the	  past	  years,	  «	  micro	  »	  was	  a	  term	  that	  has	  become	  more	  and	  more	  common	  in	  the	   manufacturing	   fields	   because	   of	   our	   ever-­‐growing	   needs	   and	   thanks	   to	   the	  development	  of	  new	  technologies	  with	  extraordinary	  accuracies.	  Despite	  the	  novelty	  of	  those	  techniques,	  they	  had	  already	  been	  studied	  and	  published	  by	  Taniguchi	  [1]	  in	  1983.	  According	  to	  Masuzawa	  [2],	  we	  can	  classify	  micromachining	  processes	  on	  the	  nature	  of	  the	   phenomena	   that	   causes	   the	  material	   removal.	   Indeed,	   a	  micro-­‐component	   can	   be	  manufactured	  using	  various	  technics:	  	  -­‐	  Mechanical	  forces	  :	  ultrasonic	  machining,	  micro	  cutting,	  micro	  grinding	  ;	  -­‐	  Plastic	  deformation	  :	  micro	  forming	  ;	  -­‐	  Material	  melting	   and	   vaporization	   :	   electron	   beam	  machining	   (EBM),	  micro	   electron	  	  	  	  	  	  discharge	  machining	  (μEDM),	  laser	  beam	  machining	  (LBM)	  ;	  -­‐	  Material	  ablation	  :	  LBM	  ;	  -­‐	  Solidification	  of	   liquid	  or	  paste	  materials	   in	  a	  die	   :	  micro	  casting	  and	  micro	   injection	  	  	  	  	  	  molding	  ;	  -­‐	  Layer	  by	  layer	  solidification	  :	  stereolitography	  ;	  -­‐	   Chemical	   and	   electro-­‐chemical	   dissolution	   of	   material	   in	   liquids	   :	   electro	   chemical	  	  	  	  	  machining	  (ECM)	  ;	  -­‐	   Material	   recomposition	   from	   metal	   ion	   deionized	   in	   an	   electrolyte	   liquid	   :	  	  	  	  	  	  	  electroforming	  ;	  	  There	   are	   different	   industrial	   fields	   where	   components	   with	   micro	   features	   ranging	  from	  1	   μm	  up	   to	   500	   μm	   (pins,	   slits,	   grooves,	   holes	  …)	   are	   needed	   :	   in	   the	   electronic	  industry	   (micro	   actuators,	  micro	   sensors	  …)	   ;	   in	   the	   aerospace	   industry	   (fuel	   injector	  nozzles,	   effusion	   cooling	   holes	   in	   nozzle	   and	   turbines	   blades	   …)	   ;	   in	   the	   mechanical	  industry	  (micro	  transmission,	  micro	  dies,	  watch	  gears	  …)	  ;	  in	  the	  automotive	  field	  (fuel	  injection	  nozzle)	  and	  in	  the	  biomedical	  field	  (surgery	  devices	  and	  lab	  on	  chips,	  implants,	  surfaces	  …).	  One	   of	   the	   biggest	   issues	   when	   talking	   about	   micromachining	   is	   to	   select	   the	   best	  process	  regarding	  the	  object	  functions	  since	  the	  material	  removal	  phenomena	  strongly	  influences	   the	   functionality	   of	   the	   surfaces.	   For	   instance,	   some	   characteristics	   that	  we	  must	   consider	   in	  order	   to	   choose	   the	  most	   suitable	  manufacturing	  process	   can	  be	   the	  maximum	  obtainable	  shape,	  the	  geometrical	  accuracy,	  the	  surface	  integrity	  …	  The	  technique	  we	  will	  mainly	  use	  in	  this	  research	  is	  the	  micro	  cutting.	  This	  process	  has	  been	   especially	   studied	  by	  different	   searchers	   because	  of	   the	   various	  parameters	   that	  influence	  the	  results	  and	  the	  different	  phenomena	  that	   it	  generates.	  Those	  parameters	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can	  have	  more	  or	   less	   importance	   following	   the	  aim	  of	   the	  micro-­‐cutting.	  We	  can	   find	  some	   aspects	   of	   micro	   cutting	   processes	   in	   the	   literature	   showing	   the	   interest	   of	  scientific	  and	  industrial	  communities	  about	  it.	  For	  example,	  the	  minimum	  chip	  thickness	  under	  which	  the	  chip	  does	  not	  form	  can	  be	  identify	  and	  is	  related	  to	  the	  ratio	  between	  the	   tool	  edge	  radius	  and	   the	  depth	  of	   cut.	  This	   ratio	  has	  an	   influence	  on	   the	   final	  part	  quality	  and	  the	  process	  can	  be	  one	  of	  cutting,	  ploughing,	  slipping…	  as	  demonstrated	  by	  Dornfeld	  [3].	  Bissacco	  [4]	  analysed	  the	  surface	  topography	  generated	  on	  hardened	  steel	  by	  using	  ball	  and	  flat	  end	  micro-­‐cutting	  tools	  focusing	  their	  attention	  on	  the	  size	  effects	  on	  surface	  generation.	  Altintas	  [5]	  investigated	  the	  mechanics	  of	  micro-­‐cutting	  by	  using	  round	  edge	  tools.	  He	  also	  proposed	  and	  experimentally	  tested	  a	  cutting	  force	  prediction	  model,	  based	  on	  slip	  line	  field	  theory.	  Other	  researches	  have	  been	  focused	  on	  final	  part	  quality,	   on	   material	   type	   and	   on	   the	   micro-­‐cutting	   process	   studying	   the	   influence	   of	  process	  parameters	  such	  as	  lubrication	  type	  [6]	  or	  feed	  rate,	  cutting	  speed	  and	  depth	  of	  cut	  [7,8].	  	  2.	  Microstructures	  
 1)	  Topographical	  structure	  of	  materials	  
 	   When	  we	  talk	  about	  microstructures,	  we	  can	  talk	  about	  the	  topographical	  structure	  of	  the	  material.	  It	  occurs	  in	  a	  hierarchy	  of	  sizes.	  The	  smallest	  scale	  is	  the	  internal	  structures	  of	   atoms	   that	   are	   responsible	   for	   the	   interatomic	   bonds,	   less	   than	   10-­‐4	   μm.	   The	   next	  higher	  scale	   is	   the	   long-­‐range	  three-­‐dimensional	  arrangement	  of	  atoms	   in	  crystals	  and	  glasses,	   that	   is	   observable	   by	   X-­‐ray	   diffraction,	   scanning	   tunnelling	   microscopy	   and	  other	  techniques,	  around	  10-­‐4	  μm.	  	  The	   higher	   structure	   is	   the	   one	  we	   often	   call	   the	  microstructure	   of	   the	  material	   :	   the	  grains	  of	  the	  material.	  Generally,	  their	  sizes	  go	  from	  10-­‐2	  μm	  up	  to	  102	  μm.	  Grains	  are	  the	  different	   crystals	   formed	   during	   the	   solidification	   of	   the	   material.	   In	   pure	   elemental	  materials,	  all	  the	  grains	  have	  the	  same	  structure	  but	  differ	  from	  each	  other	  only	  because	  of	  the	  different	  orientations	  of	  the	  arrangement	  of	  their	  atoms.	  But	  in	  some	  other	  solid	  materials,	  the	  coexistence	  of	  two	  or	  more	  phases	  can	  be	  identified.	  The	  grains	  of	  a	  given	  phase	  will	  all	  have	  the	  same	  chemical	  composition	  and	  crystal	  structure	  but	  the	  grains	  of	  a	  second	  phase	  will	  be	  different	  in	  both	  these	  aspects.	  This	  microstructure	  has	  an	  important	  effect	  on	  the	  materials	  properties.	  For	  instance,	  it	  has	  an	  effect	  on	  the	  elasticity	  and	  the	  strength	  of	  materials	  [9].	  The	  previous	  research	  in	  my	   laboratory,	   led	  by	  my	  co-­‐worker,	  was	  about	   the	   influence	  of	   the	  grains	  size	  on	   the	  wettability.	   It	  showed	  that	   the	  wettability	  decreases	  with	  the	  grains	  size.	  For	  example,	  two	  stainless	  steels	  different	  only	  because	  of	  the	  grains	  size	  were	  tested.	  The	  first	  one,	  with	   an	   average	   grain	   size	   of	   1,5	   µm	  had	   a	   contact	   angle	   of	   86,6°	   (angle	   between	   the	  surface	  of	  the	  material	  and	  a	  droplet)	  and	  the	  second	  one,	  with	  an	  average	  grain	  size	  of	  9	  µm,	  had	  a	  contact	  angle	  of	  83,3°	  which	  means	   that	   the	  wettability	  of	   the	   first	  one	  was	  lower	   than	   the	   second	  one	   (we	  will	   explain	  better	  below	  what	   is	   the	  wettability).	  The	  limit	  is	  that	  the	  influence	  of	  the	  grains	  size	  is	  quite	  small	  compared	  to	  other	  techniques	  studied	  in	  this	  research.	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2)	  Micropatterning	  	  	   Micropatterning	  is	  the	  art	  of	  patterns	  miniaturisation.	  Especially	  used	  for	  electronics,	  it	   has	   recently	   become	   a	   standard	   in	   biomaterials	   engineering	   and	   for	   fundamental	  research	  on	  cellular	  biology	  by	  means	  of	  micromachining	  processes	  mentioned	  above.	  Microstructured	   surfaces	   are	   capable	   of	   performing	  many	   different	   functions	   and	   are	  often	   inspired	   by	   natural	   phenomena.	   Here	   are	   some	   examples	   of	   microstructured	  surfaces	  and	  their	  effects	  :	  -­‐	   The	   property	   of	   antireflection	   is	   known	   as	   the	   “moth	   eye	   effect”	   and	   obtained	   by	   a	  periodic	  nanostructure.	  It	  has	  been	  used	  as	  the	  basis	  of	  a	  highly	  efficient	  solar	  absorbing	  cell.	  	  	  	  	  	  	  	  	  
Figure	  I.1	  :	  Moth	  eye.	  	  -­‐	  The	  property	  of	  light	  diffusion	  is	  obtained	  by	  aperiodic	  microstructure.	  	  	  	  	  	  	  	  
Figure	  I.2	  :	  Combination	  of	  periodic	  nanostructure	  (antireflection)	  and	  aperiodic	  microstructure	  
(light	  diffusion).	  	  -­‐	   The	   property	   of	   adhesion	   called	   the	   “gecko	   effect”	   can	   be	   given	   by	   machining	   a	  hierarchical	   structure	   consisting	   of	   hexagonal	   columns	   (e.g.	   with	   a	   period	   of	   10	   µm)	  combined	  with	  cross-­‐gratings	  (e.g.	  with	  a	  period	  of	  1	  µm).	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Figure	  I.3	  :	  Gecko	  effect	  structure.	  	  -­‐	  Round	  holes	  structure	  can	  be	  used	  as	  microscreens.	  	  	  	  	  	  	  	  
Figure	  I.4	  :	  Microscreen	  structure.	  -­‐	  In	  cellular	  biology,	  micropatterns	  can	  be	  used	  to	  control	  the	  geometry	  of	  adhesion	  and	  therefore	  the	  orientation	  of	  the	  cell	  division	  axis	  [10].	  	   The	  property	   that	   interests	   us	   in	   this	   research	   is	   the	  wettability.	   In	   nature,	  we	   can	  observe	   different	   examples	   of	   super-­‐hydrophobic	   structures	   (which	   means	   that	   they	  give	   an	   extremely	   low	  wettability	   to	   the	  material).	   The	   two	   famous	   examples	   are	   the	  lotus	  leaf,	  on	  which	  it	  is	  observable	  that	  water	  droplets	  slip,	  and	  the	  aquarius	  remingis,	  an	   insect	   that	   can	   “walk”	   on	  water	   thanks	   to	   its	  weight	   and	   the	  microstructure	   on	   its	  legs.	  	  	  	   	  	  	  	  
Figure	  I.5	  :	  a)	  Lotus	  leaf	  under	  microscope.	  b)	  An	  aquarius	  remingis	  on	  water.	  
	  	  a)	   	  	  	  b)	  )	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3.	  Wettability	  1)	  Definition	  	  	   The	  wettability	   of	   a	  material	   is	   the	   property	   to	  maintain	   the	   contact	   with	   a	   liquid	  resulting	   from	   intermolecular	   interactions	   when	   both	   are	   brought	   together.	   It	   is	  measured	  with	  the	  value	  of	  the	  inside	  angle	  θ	  between	  a	  droplet	  of	  liquid	  and	  the	  surface	  of	  the	  material	  named	  contact	  angle,	  as	  shown	  in	  fig.	  I.6.	  .	  The	  higher	  θ	  is,	  the	  lower	  the	  wettability	  is.	  	  	  	  	  	  
Figure	  I.6.	  :	  Contact	  angle.	  	  When	  water	  is	  used,	  a	  material	  with	  θ	  smaller	  than	  90°	  is	  called	  hydrophilic.	  When	  it	  is	  higher	   than	   90°	   the	   material	   is	   called	   hydrophobic	   and	   higher	   than	   150°,	  superhydrophobic.	   In	   this	   report,	  we	  will	   only	   considerate	  water	  wettability.	   You	   can	  find	  more	  information	  about	  wettability	  in[11]	  and	  [12].	  	  2)	  Young’s	  model	  	  	   On	  the	   flat	  and	  homogeneous	  surface	  of	  a	  solid,	   the	  contact	  angle	   is	   independent	  of	  the	  size	  of	  the	  droplet.	  In	  1805,	  Young	  understood	  the	  dependency	  of	  this	  angle	  with	  the	  three	   following	  surface	   tensions	   :	   solid/liquid,	  solid/vapor,	   liquid/vapor.	   It	   is	  given	  by	  their	  mechanical	  equilibrium	  (cf.	  fig.	  I.7.)	  :	  	   	   	   	   	   	   	   	   	   	   	   	   	  	  	  γLV	  •	  cosθ	  =	  γSV	  −	  γSL	   	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	  	  	  	  	  	  	  	  (Eq.	  II.1.)	  where	  γ	  are	  surface	  tensions	  and	  θ	  the	  contact	  angle.	  	  	  	  	  
	  
Figure	  I.7	  :	  Young’s	  model.	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If	  θ	  >	  90°	   thus	  cosθ	  <	  90°.	  Consequently,	   	   γSV	  <	  γSL.	  The	   interface	  energy	   is	   lower	  with	  vapor	  than	  with	  liquid,	  that’s	  why	  it	  is	  called	  hydrophobic.	  	  If	   the	  substate	   is	  air	   (	   S	  and	  V	  are	   the	  same),	   cosθ	  =	   -­‐1	   thus	  θ	  =	  180°	  which	  gives	  us	  a	  sphere	  for	  a	  volatile	  droplet.	  	  Young’s	  relation	  predicts	  that	  one	  solid,	  one	  liquid	  and	  one	  vapour	  given	  define	  a	  single	  contact	  angle.	  However,	  in	  practice	  we	  observe	  a	  range	  of	  angles	  between	  a	  maxima	  and	  a	  minima	  called	  advancing	  and	  receding	  angles.	  This	  phenomenon,	  due	  to	  the	  inevitable	  imperfections	  of	  the	  solid	  surface,	  is	  the	  contact	  angle	  hysteresis.	  Usually,	  it	  varies	  from	  10°	   to	   60°	   depending	   of	   the	   material.	   A	   well-­‐known	   consequence	   is	   the	   hanging	   of	  droplets	  on	  sloping	  surfaces.	  Indeed,	  the	  contact	  angle	  asymmetry	  between	  the	  back	  and	  the	  front	  of	  the	  droplets	  generates	  a	  force	  that	  can	  oppose	  to	  the	  weight	  effect.	  	  3)	  Wenzel’s	  model	  	  	   The	   roughness	   r	   of	   a	   surface	   is	   defined	   by	   r	   =	  Areal/Ageometric	  where	  Areal	   is	   the	   area	  considering	   three	   dimensions	   while	   Ageometric	   is	   a	   flat	   projection	   of	   the	   first	   (r	   >	   1).	  Generally,	   the	   contact	   angle	   decreases	  while	   r	   increases	   if	   the	  material	   is	   hydrophilic	  and	  increases	  with	  r	  if	  the	  material	  is	  hydrophobic.	  	  In	   1936,	  Wenzel	   assumes	   that	   the	   droplet	   conforms	  perfectly	   to	   the	   roughness	   of	   the	  surface	   (cf.	   fig.	   I.8.).	   This	   gives	   us	   the	   solid/vapour	   and	   solid/liquid	   surface	   tensions	  r•γSV	  	  r•γSL.	  Multiplying	  (Eq	  II.1.)	  by	  r,	  we	  obtain	  Wenzel’s	  relation	  :	  	  	   	   	   	   	   	   	   	   	   	   	   	   	  	  	   	  	  	  cosθw	  =	  r	  •	  cosθ	   	   	   	   	  	  	  	  	  	  	   	   	   	  	  	  	  	  	  	  	  (Eq.	  II.2.)	  where	  θw	  is	  the	  contact	  angle	  in	  the	  Wenzel	  model.	  	  	  	  	  
	  
Figure	  I.8.	  :	  Wenzel’s	  model.	  	  Consequently,	   an	   increase	   in	   roughness	   results	   in	   an	   increase	   of	   θw	  	  if	   the	  material	   is	  hydrophobic	   (cosθ	   <	   0)	   but	   in	   a	   decrease	   of	   θw	  if	   it’s	   hydrophilic	   (cosθ	   >	   0).	   In	  many	  cases,	   this	  model	  reflects	  the	  augmentation	  of	  the	  contact	  angle	  but	   it	  has	   limits.	   If	   the	  surface	  is	  excessively	  rough,	  it	  can	  give	  us	  contact	  angles	  similar	  to	  180°,	  which	  is	  never	  observed	  in	  practice.	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4)	  Cassie-­‐Baxter’s	  model	  	  	   In	   1944,	   Cassie	   assumed	   that	   the	   liquid	   doesn’t	   always	   conform	   perfectly	   to	   the	  surface	  but	  could	  also	  stay	  on	  the	  top	  of	  the	  asperities	  forming	  small	  air	  bags	  (cf.	  fig.	  I.9.).	  Therefore,	  the	  total	  area	  that	  the	  droplet	  recovers	  has	  a	  fraction	  of	  liquid/solid	  contact	  φS	  and	  a	  fraction	  of	  liquid/vapour	  contact	  1-­‐	  φS	  with	  corresponding	  contact	  angles	  θ	  and	  180°.	  φS	  =	  Ss/Stot	  where	  Ss	  is	  the	  solid	  surface	  that	  touches	  the	  droplet	  and	  Stot	  the	  surface	  that	  it	  recovers.	  The	  resulting	  cosinus	  of	  the	  contact	  angle	  θcb	  is	  the	  average	  of	  those	  two	  :	  	  cosθcb	  =	  φS	  •	  cosθ	  +	  (	  1-­‐	  φS	  )	  •	  cos(180°)	  that	  gives	  us	  the	  Cassie-­‐Baxter’s	  relation	  :	  	  	   	   	   	  	  	  	  	  	  	  	  	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  cosθcb	  	  =	  φS	  (cosθ	  +	  1)	  -­‐	  1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  II.3.)	  	  	  	  	  	  
Figure	  I.9.	  :	  Cassie-­‐Baxter’s	  Model.	  This	  relation	  is	  very	  different	  from	  Wenzel’s	  one	  :	  if	  it	  predicts	  an	  increase	  of	  θ	  too,	  the	  maxima	  θcb	  =	  180°	  can	  never	  be	  reached	  due	  to	  the	  solid	  surface	  fraction	  that	   is	  never	  equal	   to	   zero.	   Reciprocally,	   the	  measure	   of	   the	   contact	   angle	   gives	   the	   solid	   fraction.	  	  	  5)	  Models	  comparison	  	  	   In	  order	  to	  understand	  which	  state	  is	  the	  most	  stable,	  the	  surface	  energies	  of	  the	  two	  configurations	  are	  compared.	  Thereby,	  we	  can	  find	  a	  value	  of	  θ	  named	  θc,	  given	  by	  the	  equality	  between	  (Eq.	   II.2)	  and	  (Eq.	   II.3.),	  below	  which	  Wenzel’s	  model	   is	  more	  stable.	  This	  is	  illustrated	  in	  the	  following	  graphic	  where	  the	  solid	  lines	  are	  both	  (Eq.	  II.2.)	  and	  (Eq.	  II.3.)	  that	  should	  be	  observed.	  However,	  in	  practice	  we	  also	  observe	  the	  metastable	  Cassie-­‐Baxter	  state	  represented	  with	  dotted	  lines	  that	  is	  theoretically	  not	  expected.	  	  	  	  	  	  	  	  
Figure	  I.10	  :	  Cassie	  and	  Wenzel’s	  states.	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In	   practical	   terms,	   on	   a	   moderately	   hydrophobic	   surface	   with	   little	   roughness,	   the	  associated	   energy	   to	   the	   solid/liquid	   interface	   is	   not	   too	   high	   whereas	   the	   air	   bags	  formation	   would	   be	   higher,	   that	   is	   why	   Wenzel’s	   configuration	   is	   expected.	   On	   the	  contrary,	  if	  the	  solid	  roughness	  is	  very	  high,	  air	  bags	  make	  the	  interface	  more	  stable	  and	  Cassie-­‐Baxter’s	  model	  is	  preferred.	  The	  second	  case	  corresponds	  to	  most	  of	  the	  natural	  super-­‐hydrophobic	  materials	  that	  have	  several	  scales	  of	  micro/nanostructures	  that	  give	  them	   great	   roughness.	   On	   an	   extra	   side,	   micro-­‐machining	   technics	   to	   create	   super-­‐hydrophobic	  structures	  are	  mostly	  limited	  to	  Wenzel’s	  configuration.	  So	  why	  prefer	  one	  or	   the	  other	  configuration	  as	   they	  both	  provide	  super-­‐hydrophobic	  materials?	   Because	   there	   is	   another	   parameter	   that	   makes	   a	   big	   difference	   :	   the	  adhesion	   related	   to	   the	   angle	   hysteresis.	   Indeed,	   generally	   when	   we	   want	   a	   material	  with	  low	  wettability,	  a	  low	  adhesion	  is	  desired	  too	  so	  that	  the	  droplets	  just	  slide	  on	  the	  surface	  and	  are	  easily	  evacuated.	  The	  more	  there	  are	  imperfections	  on	  the	  liquid/solid	  interface	   surface,	   the	   higher	   the	   hysteresis	   is	   and	   so	   the	   adhesion.	   Consequently,	   we	  could	   first	   think	   that	   the	   adhesion	   would	   be	   higher	   in	   Cassie-­‐Baxter’s	   configuration	  assuming	  the	  roughness	  is	  very	  high	  but	  it	  is	  the	  contrary.	  In	  fact,	  as	  a	  big	  fraction	  of	  the	  droplet	  is	  in	  contact	  with	  air	  only,	  the	  average	  of	  imperfection	  is	  quite	  low.	  That	  is	  why	  we	  can	  easily	  observe	  differences	  of	  more	  than	  50°	  of	  angle	  hysteresis	  between	  the	  two	  states.	  From	   a	   practical	   point	   of	   view,	   Cassie-­‐Baxter’s	   configuration	   allows	   to	   lower	   both	  wettability	   and	   adhesion	   that	   is	   why	   such	   structures	   are	   generally	   preferable	   and	  particularly	  in	  this	  research.	  	  4.	  Biomaterials	  	  	   By	  definition,	  a	  biomaterial	  is	  a	  non-­‐viable	  material	  of	  natural	  or	  artificial	  origin,	  used	  in	   the	  manufacture	  of	  medical	  devices	   intended	  to	  be	  placed	   in	  contact	  with	  biological	  tissue	  [13].	  Biological	  tissue	  not	  only	  means	  the	  supporting	  tissues	  such	  as	  skin,	  bones,	  tooth	  ...,	  but	  also	  the	  blood,	  which	  contains	  various	  types	  of	  cells	  (red	  cells,	  white	  blood	  cells)	  as	  well	  as	  different	  substances	   for	   the	   formation	  clot	   in	  case	  of	   injury	  (platelets,	  fibrin	  ...).	  It	   is	   said	   that	   a	   biomaterial	   is	   biocompatible	   when	   it	   is	   able	   to	   perform	   its	   function	  without	  adverse	  effects	  on	  the	  biological	  environment	   in	  which	   it	  has	  to	   function	  [13].	  For	  example	  :	  the	  materials	  constituting	  the	  joint	  portion	  of	  a	  total	  hip	  prosthesis	  must	  allow	  the	  movement	  of	   the	   joint	  without	  excessive	   friction,	  while	  producing	  a	  minimal	  amount	  of	  wear	  debris	  during	  the	  life	  of	  the	  prosthesis	  (	  ≥	  15	  years)	  [14];	  products	  wear	  debris	   should	   not	   cause	   local	   or	   systemic	   inflammatory	   response	   or	   trigger	   specific	  immune	   reaction	   (allergy);	   the	   metallic	   portion	   of	   the	   prosthesis	   in	   contact	   with	   the	  bone	  must	  not	  release	  toxic	  corrosion	  products	  for	  bone	  cells,	  and	  allow	  colonization	  by	  the	   bone	   tissue	   in	   intimate	   contact	   with	   the	   prosthesis	   [15].	   Another	   example:	   an	  artificial	  blood	  vessel	  must	  not	  enhance	  the	  condensation	  of	  platelets	  and	  the	  formation	  of	  a	  clot	  on	  the	  surface	  it	  exposes	  to	  blood	  flow	  [16].	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Figure	  I.11.	  :	  a)	  Artificial	  blood	  vessels.	  b)	  Hip	  prosthesis.	  
 These	  examples	  show	  that	  the	  biocompatibility	  of	  a	  material	  is	  largely	  dependent	  on	  the	  way	  it	  interacts	  with	  the	  tissue	  it	  is	  in	  contact	  with,	  and	  that	  for	  the	  duration	  of	  its	  stay	  in	  the	   body.	   The	   location	   of	   the	   interaction	   between	   a	   biomaterial	   and	   its	   working	  environment	   being	   the	   interface	   material	   /	   tissue,	   surface	   composition	   and	   surface	  condition	  of	  a	  biomaterial	  are	  critical	  determinants	  of	  its	  biocompatibility,	  even	  though	  its	  mass	  properties	  also	  play	  a	  very	  important	  role. Therefore,	  lots	  of	  researches	  on	  biomaterials	  aim	  to	  modify	  the	  surface	  characteristics	  of	  various	   biomaterials,	   chosen	   primarily	   for	   their	   intrinsic	   properties	   (especially	  mechanical)	   to	   improve	   biocompatibility.	   For	   instance,	   some	   ion	   implantation	   to	   the	  polyurethane	   surface	   can	   improve	   its	   anti-­‐coagulant	   properties	   in	   contact	  with	   blood	  [17];	   depositing	   a	   film	   of	   calcium	   phosphate	   (hydroxyapatite)	   on	   the	   surface	   of	   a	  titanium	  alloy	  implant	  improves	  its	  affinity	  for	  osteoblasts	  [18];	  modifying	  the	  surface	  of	  titanium	  microstructure	  changes	  its	  interaction	  with	  some	  of	  the	  blood	  plasma	  proteins	  and	  its	  ability	  to	  promote	  cell	  adhesion	  [19]. Highlighting	  the	   influence	  of	  surface	  treatment	  on	  the	  biocompatibility	  of	  a	  material	   is	  not	   an	   easy	   task:	   it	   requires	   indeed	   many	   tests	   on	   the	   treated	   material	   in	   various	  biological	  environments	  (crops	  cellular,	  animal	  studies,	  human	  clinical	  trials).	  Thus	  the	  first	  steps	  in	  the	  development	  of	  a	  special	  surface	  treatment	  almost	  always	  use	  various	  simpler	   techniques	  of	   surface	  characterization	   to	   implement.	  Among	   these	   techniques,	  surface	  chemical	  analysis	  (XPS),	  and	  the	  observation	  of	  the	  wettability	  of	  the	  material	  by	  various	  liquids	  are	  often	  used	  to	  check	  the	  experimental	  surface	  treatment	  effect.	  In	  this	  research,	  our	  goal	  is	  to	  create	  efficient	  microstructured	  surfaces	  on	  stainless	  steel	  plates	   to	   improve	   the	   hydrophobicity	   of	   this	  material.	  More	   generally,	   the	   aim	   of	   this	  project	   is	   whether	   if	   we	   can	   be	   able	   to	   control	   the	   surface	   functions	   with	   only	   the	  structure	  size,	  shape	  and	  alignment.	  Therefore,	  it	  is	  not	  directly	  an	  application-­‐oriented	  work.	  We	  are	  working	  on	  the	  basic	  and	  scientific	  level.	  	  However,	  we	  already	  know	  some	  of	   the	   applications	   these	   surfaces	   can	   complete.	   For	  example,	   according	   to	   Olympus,	   one	   of	   the	   most	   famous	   companies	   in	   the	   medical	  devices,	   the	   blood	   adhesion	   on	   the	  medical	   devices	   is	   one	   of	   the	  major	   issues	   in	   the	  
a)	   b)	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surgical	  operations	  and	  as	  we	  have	  seen	  above,	  a	  surface	   in	  Cassie-­‐Baxter’s	  model	  can	  reach	  extremely	   low	  wettability	  and	  adhesion	  properties.	   In	   the	   future,	  our	   laboratory	  would	  like	  to	  perform	  tests	  of	  wettability	  with	  blood	  but	  at	  this	  moment,	  the	  regulations	  of	  Japan	  and	  the	  university	  don’t	  allow	  it.	  Another	  example	  could	  be	  about	  the	  ball	  joint	  in	   hip	   prosthesis.	   Indeed,	   some	   searchers	   say	   that	   in	   the	   couple	   “femoral	   head	   /	  acetabular	   cup”	  we	  must	   have	   a	   significant	   difference	   of	  wettability	   between	   the	   two	  materials	   to	   lower	   the	  wear	   detritus	  which	   are	   one	   of	   the	  main	   causes	   for	   long-­‐term	  failure	  of	   the	  orthopedic	  prostheses	   in	   general	   and	  of	   the	  hip	  prostheses	   in	  particular	  [20].	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Figure	  II.1.	  :	  DropWater	  device.	  Firstly,	   the	  sample	  should	  be	  cleaned	  with	  an	  ultrasound	  device	  to	  remove	  all	  kinds	  of	  impurity	  that	  could	  cover	  the	  surface.	  It	  is	  put	  on	  a	  small	  tub	  filled	  with	  distilled	  water	  itself	   placed	   in	   a	   larger	   tub	   filled	  with	   normal	   water	   (so	   that	   the	   amount	   of	   distilled	  water	  required	  is	  adjusted	  following	  the	  size	  of	  the	  sample)	  in	  which	  the	  ultrasound	  are	  spread.	  Then,	  it	   is	  put	  one	  day	  in	  a	  small	  vacuum	  chamber	  with	  stones	  that	  absorb	  the	  humidity.	  	  Once	  the	  sample	  is	  ready,	  we	  place	  it	  on	  the	  device	  and	  we	  adjust	  the	  lightning.	  This	  part	  is	  important	  because	  a	  camera	  is	  used	  and	  the	  measurement	  software	  has	  to	  considerate	  the	  good	  edge	  of	  the	  droplet	  and	  not	  some	  possible	  glint	  in	  it.	  Then,	  we	  can	  put	  a	  droplet	  on	  the	  surface	  using	  a	  small	  tube	  and	  measure	  the	  contact	  angle	  with	  the	  software	  (cf.	  fig.	  II.2.).	  This	  test	  is	  executed	  ten	  times	  and	  we	  take	  the	  average	  value	  for	  the	  contact	  angle.	  The	  smallest	   size	  of	  a	  droplet	   that	   can	  be	   reached	   is	  about	  1,5	  mm,	  which	  defines	   the	  minimum	  size	  of	  a	  testable	  surface.	  	  	  	  	  	  	  
	  
	  
Figure	  II.2.	  :	  Wettability	  test	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2.	  Focused	  Ion	  Beam	  (FIB)	  1)	  Device	  	  	   The	  FIB	  is	  a	  device	  that	  can	  be	  compared	  to	  the	  Scanning	  Electron	  Microscope	  (SEM)	  but	   instead	  of	  using	  a	  electron	  beam,	   it	  uses	  a	   focused	   ion	  beam	  (mostly	  gallium)	  and	  this	  beam	  is	  destructive	  (cf	   fig.	   II.3.).	   Indeed,	  when	  the	  high-­‐energy	  gallium	  ions	  strike	  the	  sample,	   they	  sputter	  atoms	  from	  the	  surface.	  Gallium	  atoms	  will	  also	  be	   implanted	  into	   the	   top	   few	  nanometers	  of	   the	   surface,	   and	   the	   surface	  will	   be	  made	  amorphous.	  That	  is	  why,	  although	  it	  can	  be	  used	  for	  microscopy,	  its	  first	  application	  is	  in	  the	  field	  of	  micro	  and	  nano	  machining.	  FIB	  micro	  machining	  has	  become	  a	  broad	  field	  of	  its	  own,	  but	  nano	  machining	  is	  a	  field	  that	   is	  still	  developing.	  Commonly	  the	  smallest	  beam	  size	  for	  imaging	   is	  2.5–6	  nm.	  The	  smallest	  milled	   features	  are	   somewhat	   larger	   (10–15	  nm)	  as	  this	  is	  dependent	  on	  the	  total	  beam	  size	  and	  interactions	  with	  the	  sample	  being	  milled.	  The	   FIB	   can	   also	   deposit	   material,	   in	   this	   case	   we	   talk	   about	   Ion	   Beam	   Induced	  Deposition	  (IBID).	  This	  device	   is	  used	   in	  material	   science	  and	  especially	   in	   the	   field	  of	  semiconductor	  and	  integrated	  circuits.	  	  	  -­‐	  	  	  	  	  
Figure	  II.3	  :	  Inside	  of	  the	  Focused	  Ion	  Beam	  (workpiece	  table).	  	  2)	  Stamp	  process	  	  	   Focused	   ion	   beam	   sputtering	   is	   normally	   effective	   in	   micro/nano-­‐scale	   machining.	  However,	   it	   takes	   a	   long	   time	   to	   machine	   the	   structure	   in	   a	   large	   area.	   Then,	   the	  manufacturing	   cost	   increases	   with	   the	   production	   time.	   A	   previous	   study	   in	   my	  laboratory	  was	  focused	  on	  a	  technique	  of	  micromachining	  using	  the	  FIB	  that	  improves	  a	  lot	   the	  production	   rate.	  The	   idea	   is	   to	  design	   a	  microstructure	  on	   a	   small	   area	  on	   the	  surface	  of	  a	  tool	  made	  of	  tungsten	  carbide	  that	  can	  be	  stamped	  on	  the	  workpiece	  (plastic	  in	  this	  study)	  afterward	  with	  the	  following	  process	  (cf.	  fig.	  II.4.)	  :	  	  1)	  The	  microstructure	  is	  machined	  on	  the	  tool	  with	  the	  FIB.	  2)	  The	  reverse	  structure	  is	  formed	  on	  a	  metal	  plate	  by	  incremental	  stamping.	  3)	  The	  structure	  is	  transferred	  to	  the	  final	  workpiece.	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Figure	  II.4	  :	  Manufacturing	  sequence	  of	  stamp	  process	  Although	  the	  structure	  is	  machined	  in	  a	  small	  area,	  less	  than	  0.1	  mm,	  square	  in	  the	  first	  process,	  the	  second	  part	  expands	  the	  structured	  area	  in	  a	  short	  time.	  The	  third	  process	  transfers	  the	  initial	  structure	  the	  workpiece	  at	  a	  high	  production	  rate.	  This	   technique	  presents	   two	  great	   advantages	   relative	   to	  others.	   First,	   the	   accuracy	   is	  really	  high	  because	  of	  the	  precision	  of	  the	  FIB	  first	  and	  then	  the	  stamping	  that	  transfers	  accurately	  the	  structures	  between	  tungsten	  carbide	  and	  aluminium	  and	  then	  aluminium	  and	   plastic.	   But	   what	   is	   really	   interesting	   too,	   is	   the	   possibility	   of	   creating	   different	  microstructures	  with	   the	   same	   tool	   changing	   the	  moving	   pitch	   of	   the	   tool	   during	   the	  second	  process	  as	  shown	  in	  fig.	  II.5.	  .	  	  	  	  	  
Figure	  II.5.	  :	  Incremental	  stamping	  process	  with	  changing	  pitch	  :	  	  
(a)	  full	  pitch;	  (b)	  ½	  pitch;	  (c)	  ¼	  pitch.	  	  In	   this	   research,	  we	  were	   at	   first	   asked	   to	   design	   small	  microstructures	  with	   the	   FIB	  with	  a	  view	  to	  use	  this	  process	  in	  a	  second	  time.	  	  3.	  Micro-­‐cutting	  device	  	  	  	   The	  micro-­‐cutting	  device,	  shown	  in	  fig.	  II.6,	  has	  3	  axes	  controlled	  by	  stepping	  motors	  with	  very	  high	  resolution	  (cf.	  tab.	  II.1.).	  The	  cutting	  tool	  chosen	  is	  clamped	  on	  a	  support	  that	  controls	  the	  cutting	  depth	  on	  Z	  axis.	  The	  workpiece	  is	  clamped	  on	  a	  table	  movable	  in	  Y	  and	  X	  axis	  provided	  with	  a	  piezoelectric	  dynamometer	  connected	  to	  an	  oscilloscope	  to	  control	  and	  measure	  the	  cutting	  forces	  in	  X,	  Y	  and	  Z.	  The	  machine	  can	  be	  controlled	  by	  a	  device	  with	  a	  controller	  that	  gives	  the	  position	  of	  the	  tool	  and	  the	  speed	  selected	  but	  it	  can	  also	  be	  connected	  to	  a	  computer	  and	  controlled	  by	  launching	  a	  program	  in	  a	  specific	  software.	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Figure	  II.6.	  :	  Micro-­‐cutting	  machine.	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  II.1.	  :	  Axis	  specifications.	  Once	   the	   sample	  and	   the	   tool	  are	   clamped,	   the	  zero	  has	   to	  be	   set.	  We	  descend	   the	   tip	  manually	  until	  it	  reaches	  between	  60	  μm	  and	  90	  μm	  above	  the	  sample	  using	  two	  sheets	  of	  paper	  of	  both	  this	  thickness.	  Then,	  a	  program	  that	  descends	  the	  tip	  of	  60	  μm	  first	  and	  then	  by	  steps	  of	  0,5	  μm	  is	  launched	  until	  a	  force	  in	  Z	  is	  noticed	  on	  the	  oscilloscope.	  We	  can	  also	  run	  this	  program	  with	  smaller	  steps	  afterwards	  to	  be	  more	  precise.	  	  Our	  workpieces	  are	  small	  and	  really	  thin	  stainless	  steel	  plates	  (100	  μm	  thick),	   like	  the	  ones	  used	  with	  FIB	  and	  first,	  we	  used	  diamond	  tools	  with	  a	  60°	  tip	  designed	  to	  cut	  in	  one	  direction,	  Y	  in	  our	  case.	  Consequently,	  any	  microstructure	  desired	  should	  be	  done	  with	  successive	  grooves,	  controlling	  their	  depths,	  lengths	  and	  positions.	  We	  began	  to	  work	  on	  this	   device	   with	   a	   program	   used	   by	   previous	   students	   on	   another	   research	   with	   the	  following	  settings,	  illustrated	  in	  fig.	  II.7.	  :	  	  -­‐	  Height	  before	  cutting	  and	  during	  the	  return	  of	  the	  tool	  :	  z	  =	  -­‐60	  μm	  -­‐	  Distance	  of	  tool’s	  entry	  into	  the	  material	  (z	  =	  0	  -­‐>	  z	  =	  zcut)	  :	  y	  =	  20	  μm	  -­‐	  Speed	  of	  tool’s	  entry	  :	  Vyentry	  =	  0,05	  mm/s	  -­‐	  Speed	  of	  cut	  :	  Vy	  =	  0,5	  mm/s	  -­‐	  Speed	  of	  return	  :	  Vyreturn	  =	  1	  mm/s	  	  	  	  	  	  	  	  	  
	  
Figure	  II.7.	  :	  Micro-­‐cutting	  process.	  	   	  
	   Maximum	  travel	   Resolution	  X,	  Y	  axis	   50	  mm	   8	  nm	  Z	  axis	   5	  mm	   2	  nm	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  III.	  Experiments	  and	  results	  	  	  1.	  FIB	  Pillar	  structures	  	  	   After	   several	   hours	   learning	   how	   to	   use	   the	   FIB	   correctly,	   that	   requires	   a	   lot	   of	  calibration	   and	   has	   different	   modes,	   our	   first	   objectives	   were	   to	   machine	   different	  microstructures	  on	  a	  stainless	  steel	  UFCSS7	  with	  a	  small	  average	  grain	  size	  (1,5	  μm)	  and	  a	  contact	  angle	  of	  86,6°and	  analyse	  these	  samples	  looking	  at	  the	  accuracy,	  the	  regularity,	  the	  time	  of	  process	  and	  the	  wettability.	  Our	  first	  structure	  was	  a	  simple	  square	  pillars	  structure	  with	  a	  total	  size	  of	  93,5	  μm	  x	  93,5	  μm	  (cf	  fig.	  III.1).	  Pillars	  characteristics	  :	  side	  10	  μm	  ;	  height	  3	  μm	  ;	  interspace	  1,5	  μm	  ;	  number	  8x8.	  	  	  	  	  	  	  	  	  	  
Figure	  III.1.	  :	  Simple	  pillar	  structure,	  top	  and	  tilt	  views.	  	  The	  square	  we	  can	  observe	  on	  the	  right	  of	  the	  structure	  is	  a	  reference	  point	  that	  has	  to	  be	  made	  with	  the	  FIB	  before	   launching	  the	  process.	  Different	  precisions	  of	   the	  FIB	  are	  selectable	  :	  ultra	  fine,	  fine,	  mid,	  rough	  and	  ultra	  rough.	  It	  has	  an	  important	  influence	  on	  the	  time	  of	  process.	  As	  it	  was	  a	  small	  structure	  we	  could	  use	  the	  fine	  mode	  and	  the	  time	  of	   process	   was	   18	   h.	   	   We	   can	   see	   that	   indeed,	   to	   dig	   grooves	   of	   1,5	   μm	   width,	   the	  accuracy	  is	  really	  high.	  	  We	  decided	  afterwards	  to	  process	  a	  similar	  structure	  on	  the	  same	  conditions	  but	  more	  complex,	  with	   another	   hierarchy	   of	   pillars	   on	   each	   pillar	   (cf.	   fig.	   III.2.).	   Second	   pillars	  characteristics	  :	  side	  2	  μm	  ;	  height	  1	  μm	  ;	  interspace	  1	  μm	  ;	  number	  3x3.	  	  	  	  	  
Control of materials wettability by micro-machining 
        Robin Villies	  
	  
23	  
	  	  	  	  	  	  	  	  
Figure	  III.2.	  :	  hierarchical	  pillar	  structure,	  top	  and	  tilt	  views.	  As	  expected,	  the	  structure	  was	  made	  with	  a	  really	  good	  precision	  but	  the	  time	  of	  process	  increases	  a	   lot	  with	   the	  second	  hierarchy	   :	  18	  h	  (1st	  hierarchy)	  +	  35	  h	  (2nd	  hierarchy).	  This	  is	  the	  biggest	  limit	  of	  the	  FIB	  and	  we	  understood	  that	  it	  was	  impossible	  to	  do	  such	  kind	   of	   structure	   directly	   on	   the	   final	   workpiece	   on	   an	   area	   big	   enough	   to	   test	   its	  wettability.	  Furthermore,	   in	   these	  structures	   the	  solid	   fraction	   is	  high	   (more	   than	  0,5)	  since	   the	   interspaces	   between	   pillars	   are	   small	   while	   if	   we	   are	   in	   Cassie-­‐Baxter	  configuration,	   the	   smaller	   the	   solid	   fraction	   is,	   the	   higher	   the	   contact	   angle	   is.	   That	  means	  we	  would	  need	  even	  more	  time	  to	  do	  relevant	  testable	  structures.	  That’s	  why	  the	  stamp	  process	  is	  a	  good	  option	  to	  design	  microstructures	  on	  wide	  areas.	  But	  finally,	  it	  was	  decided	  that	  this	  method	  would	  not	  be	  used	  knowing	  that	  it	  was	  only	  used	  on	  plastic	  before	  and	  that	  we	  were	  working	  on	  stainless	  steel.	  Since	  this	  idea	  of	  using	  the	  stamp	  process	  was	  abandoned,	  we	  tried	  to	  machine	  a	  much	  bigger	   surface	   and	   with	   a	   better	   surface	   fraction	   with	   the	   FIB.	   We	   chose	   a	   pillar	  structure	  with	   these	   characteristics	   :	   side	   2	   μm	   ;	   height	   2	   μm	   ;	   interspace	   1	   μm.	   The	  surface	   fraction	   is	   lower	   than	  0,5.	  We	  wanted	   the	   structure	   to	  be	   testable	  but	  even	   in	  rough	  mode,	  the	  time	  of	  process	  estimated	  exceeded	  the	  maximum	  of	  99h59	  allowed	  by	  the	  FIB.	  So	  we	  planned	  to	  do	  several	  steps.	  We	  first	  did	  it	  on	  600	  μm	  x	  600	  μm,	   in	  the	  rough	  mode	  what	  took	  78	  h	  (cf.	  fig.	  III.3.).	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  Figure	  III.3.	  :	  Wide	  pillar	  structure,	  top	  and	  tilt	  views.	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As	   we	   can	   see,	   with	   this	   mode,	   the	   accuracy	   of	   the	   FIB	   is	   not	   sufficient	   to	   machine	  microstructures	   with	   so	   small	   details.	   The	   pillars	   are	   quasi	   indistinguishable	   and	   a	  droplet	  would	  be	  in	  the	  Wenzel	  configuration	  on	  this	  surface	  what	  would	  decrease	  the	  contact	  angle	  since	  the	  material	  is	  barely	  hydrophilic	  (θ	  <	  90°).	  Regarding	  this	  poor	  result	  and	  the	  time	  that	  would	  be	  required	  to	  machine	  a	  good	  and	  testable	   surface	   we	   decided	   to	   work	   on	   the	   other	   micromachining	   technic	   at	   our	  disposal	  :	  the	  micro-­‐cutting.	  In	  any	  case	  the	  experience	  acquired	  on	  this	  device	  would	  be	  useful	  afterwards	  when	  we	  will	  design	  multi-­‐edge	  diamond	  tools	  to	  improve	  the	  micro-­‐cutting	  technic.	  	  	  2.	  Microcutting’s	  first	  tests	  	  	   Our	   idea	   was	   to	   design	   pillars	   structure	   as	   we	   did	   with	   the	   FIB	   because	   their	  theoretical	   roughness,	   surface	   fractions	   and	   contact	   angle	   are	   easy	   to	   calculate.	  Furthermore,	  simple	  changes	  of	  the	  interspaces,	  the	  height,	  or	  the	  size	  of	  the	  pillar	  allow	  to	  compare	  different	  structures,	  so	  to	  optimise	  the	  wettability.	  But	  first	  of	  all,	  we	  had	  to	  practice	  on	  this	  machine	  and	  I’ll	  present	  some	  of	  the	  tests	  and	  observations	  we	  made.	  One	  of	  the	  first	  tries	  was	  to	  cut	  1000	  grooves,	  5	  mm	  long	  and	  2	  μm	  deep	  each,	  with	  an	  interspace	  of	  5	  μm	  between	  each	  of	  them.	  We	  will	  call	  it	  test1.	  We	  obtained	  a	  structure	  with	  3	  visible	  different	  parts	  as	  shown	  on	  fig	  III.4.	  :	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  III.4.	  :	  Three	  parts	  of	  the	  structure	  of	  test1	  (top	  view).	  	  The	   tool	   entered	   the	   material	   at	   the	   top	   of	   this	   picture.	   Firstly,	   we	   observed	   more	  precisely	  the	  first	  part	  which	  seems	  to	  be	  the	  most	  accurate,	  using	  a	  3D	  laser	  scanning	  microscope	  provided	  with	  a	  software	  of	  surface	  calculation	  (Keyence	  VK-­‐X100)	  :	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Figure	  III.5.	  :	  Top	  and	  3D	  views	  of	  the	  first	  part	  of	  test1.	  We	  can	  see	   indeed	   that	   the	  grooves	  are	   really	  well	  drawn	  and	   the	  cut	   is	  very	   regular.	  However,	  the	  depth	  of	  the	  grooves	  is	  only	  1	  μm	  (cf.	  fig.	  III.6.)	  while	  the	  program	  was	  set	  to	  cut	  on	  2	  μm	  depth.	  	  	  	  	  	  	  	   	  	   	  
Figure	  III.6.	  :	  Profile	  analysis	  of	  the	  first	  part	  of	  test1.	  This	  is	  the	  profile	  of	  the	  first	  blue	  line	  on	  the	  picture	  of	  fig.	  III.5.	   .	  On	  this	  software,	  we	  can	  define	  sections	  by	  drawing	  two	  lines	  of	  the	  same	  colour	  (here	  we	  put	  two	  red	  lines	  and	   two	  yellow	   lines	   that	   are	   really	   close).	   Then,	   it	   gives	  us	   the	  width	   and	   the	  height	  between	  the	  two	  intersection	  points	  of	  the	  section	  lines	  and	  the	  profile	  line,	  that	  you	  can	  find	   in	   the	   table.	   We	   observe	   here	   again	   the	   good	   regularity	   of	   the	   cutting	   and	   an	  average	  depth	  of	  1	  μm	  (yellow	  section).	  We	  checked	  with	   the	  width	  of	   the	  red	  section	  that	  the	  interspace	  is	  5	  μm.	  The	  second	  part	  of	  the	  structure	  is	  not	  as	  good	  as	  the	  first	  :	  	  	  	  	  	  	  	  
	  
	  
Figure	  III.7.	  :	  Top	  and	  3D	  views	  of	  the	  second	  part	  of	  test1.	  
Width	  (μm)	   Height	  (μm)	  0,380	   0,911	  4,936	   0,073	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Figure	  III.8.	  :	  Profile	  analysis	  of	  the	  second	  part	  of	  test1.	  We	  can	  see	  that	  the	  grooves	  are	  not	  drawn	  and	  that	  the	  material	  is	  sometimes	  ripped	  on	  5	  μm.	  We	  recover	  the	  grooves	  in	  the	  third	  part	  but	  the	  structure	  is	  not	  as	  nice	  as	  the	  first	  part	  :	  	  	  	  	  	  	  	  
Figure	  III.9.	  :	  Top	  and	  3D	  views	  of	  third	  part	  of	  test1.	  	  	  	  	  	  	  	  	   	  	  
	  
	  
Figure	  III.10.	  :	  Profile	  analysis	  of	  the	  third	  part	  of	  test1.	  
Width	  (μm)	   Height	  (μm)	  3,702	   4,984	  
Width	  (μm)	   Height	  (μm)	  1,899	   2,000	  1,709	   1,795	  1,329	   2,509	  1,519	   1,991	  
Control of materials wettability by micro-machining 
        Robin Villies	  
	  
27	  
In	  this	  part	  we	  are	  closer	  to	  an	  average	  2	  μm	  depth	  grooves	  but	  we	  observe	  some	  wave	  on	  the	  surface	  that	  doesn’t	  exist	  in	  the	  first	  part.	  This	  test1	  sums	  up	  the	  kind	  of	  problems	  we	  encounter	  with	  the	  micro	  cutting	  on	  so	  small	  depth.	  What	  can	  explain	  them	  is	  the	  fact	  of	  working	  on	  thin	  plates.	  Indeed,	  it’s	  quite	  hard	  to	  control	  the	  perfect	  flatness	  of	  those	  plates	  during	  the	  clamping	  and	  it’s	  impossible	  to	  see	  with	  the	  naked	  eye	  if	   there	  are	  variations	  of	  the	  flatness	  about	  a	  few	  micrometers.	  This	  results	  in	  different	  areas	  on	  the	  microstructure	  where	  the	  plate	  is	  distorted	  or	  not.	  For	  instance,	  we	  assume	  that	  it	  is	  what	  happened	  on	  the	  second	  part	  in	  test1.	  The	  plate	  was	   curved	   so	  with	   the	   small	   space	  between	   the	   clamping	   table	   and	   the	  workpiece	   it	  couldn’t	  dig	  well.	  This	  problem	  is	  double	  in	  the	  case	  of	  pillar	  structure	  when	  we	  have	  to	  rotate	  the	  plate	  of	  90°	  since	  the	  table	  used	  can’t	  rotate.	  It’s	  not	  possible	  to	  put	  the	  plate	  in	  the	  exactly	  same	  condition	  of	  clamping.	  That’s	  what	  happened	  when	  we	  did	  the	  same	  cutting	  in	  the	  other	  direction	  (test2)	  on	  the	  structure	  of	  test1.	  We	  got	  these	  two	  different	  areas	  :	  	  	  	  	  	  	  	  	  	  
Figure	  III.11.	  :	  Top	  and	  3D	  views	  of	  the	  pillars	  part	  of	  test2.	  	  	  	  	  	   	  	  	  
	  
Figure	  III.12.	  :	  Profile	  analysis	  of	  the	  pillars	  part	  of	  test2.	  Here	  we	  have	  the	  pillars	  structure	  but	  the	  3D	  view	  reveals	  that	  even	  if	   it	   is	  regular	  on	  one	   line,	   it’s	   not	   on	   a	   large	   area.	   The	   second	   cut	   is	   the	   vertical	   one	   on	   the	   picture	   of	  fig.III.11.	   .	   The	  majority	   of	   pillars	   approaches	  1	   μm	  height	   average.	  Unfortunately	   this	  area	  was	  too	  small	  to	  be	  tested.	  
Width	  (μm)	   Height	  (μm)	  4,936	   1,533	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Figure	  III.13.	  :	  Top	  and	  3D	  views	  of	  the	  wasted	  part	  of	  test2.	  	  	  	  	  	  	  	   Width	  (μm)	   Height	  (μm)	  12,530	   3,416	  
	  
Figure	  III.14.	  :	  Profile	  analysis	  of	  the	  wasted	  part	  of	  test2.	  	  On	  the	  picture	  of	  fig.	  III.13.	   ,	  we	  have	  on	  the	  left	  the	  first	  direction	  and	  on	  the	  right	  the	  second.	  We	  can	  see	  that	  the	  second	  direction	  was	  deeper	  than	  the	  first	  on	  this	  part	  and	  totally	  destroyed	   the	   first	  grooves.	   It’s	  due	   to	   the	  difference	  of	  depth	  but	  also	  because	  the	  interspace	  between	  two	  grooves	  was	  small	  so,	  since	  the	  tip	  is	  triangular,	  if	  it	  digs	  too	  deep	   it	   cuts	   the	   surface	   everywhere	   with	   the	   sides	   of	   the	   tip	   and	   doesn’t	   leave	  interspaces.	  	  As	   this	   first	   try	   of	   pillar	   structure	   was	   not	   successful,	   we	   performed	   several	   other	  cuttings,	   smaller	   and	   in	   only	   one	   direction	   to	   preserve	   the	   tool.	   We	   optimized	   the	  clamping	  and	  chose	  a	  bigger	  depth	  of	  grooves	  with	  bigger	  interspaces	  too.	  	  The	  last	  microstructure	  for	  those	  first	  tests	  was	  a	  hundred	  5	  μm	  depth	  and	  1	  mm	  long	  grooves	  with	   interspaces	   of	   10	   μm.	  We	   restarted	   the	   large	   area’s	   cutting	   because	  we	  wanted	  to	  test	  at	  least	  one	  microstructure	  to	  have	  an	  idea	  of	  the	  impact	  of	  the	  grooves	  on	  the	  wettability.	  	  Our	   first	   try	   with	   these	   settings	   (test3)	   showed	   us	   that	   the	   tool	   was	   too	  worn	   to	   dig	  correctly	  :	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Figure	  III.15.	  :	  Top	  and	  3D	  views	  of	  test3.	  	  	  	  	  	   Width	  (μm)	   Height	  (μm)	  1,899	   0,087	  1,709	   0,164	  
	  
Figure	  III.16.	  :	  Profile	  analysis	  of	  test3.	  Indeed	  we	  measured	  grooves	  with	  an	  average	  depth	  of	  0,1	  μm	  that	  almost	  merge	  with	  the	   surface	   roughness.	  We	  still	   tested	   this	   surface	  because	  we	  wanted	   to	   confirm	   that	  the	   final	   roughness	   was	   not	   enough	   to	   pass	   in	   the	   Cassie-­‐Baxter	   configuration.	   The	  wettability	   test	   gave	   us	   a	   contact	   angle	   of	   86°	   instead	   of	   86,6°	   that	   we	   have	  without	  structure	   on	   the	   surface.	   This	   result	   is	   logical	   knowing	   that	   the	   material	   is	   barely	  hydrophilic	  and	   that	   the	  roughness	  has	  been	   increased	  a	   little.	  We	  were	   indeed	   in	   the	  Wenzel	  model.	  	  Before	   changing	   the	   tool	   we	   just	   tried	   once	   again	   this	   structure	   but	   passing	   on	   it	   10	  times	  (test4).	  The	  result	  was	  pretty	  effective	  but	  the	  time	  required	  was	  much	  longer	  :	  	  	  	  	  	  	  	  	  
Figure	  III.17.	  :	  Top	  and	  3D	  views	  of	  test4.	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Figure	  III.18.	  :	  Profile	  analysis	  of	  test4.	  	  This	  part	  of	  test4	  is	  the	  one	  with	  the	  average	  depth	  of	  groove	  the	  closest	  to	  5	  μm	  and	  it’s	  located	  at	  the	  end	  of	  the	  grooves.	  The	  average	  depth	  of	  the	  beginning	  of	  the	  grooves	  is	  closer	  to	  3	  μm	  and	  in	  the	  middle	  to	  4	  μm.	  We	  observed	  this	  increase	  in	  depth	  along	  the	  grooves	  in	  other	  tests	  too.	  We	  can	  see	  that	  the	  tops	  of	  the	  grooves	  are	  not	  flat	  anymore	  but	  in	  shape	  of	  peaks.	  This	  is	  due	  to	  the	  mass	  of	  chips	  successively	  and	  randomly	  ejected	  on	  the	  sides	  of	  the	  tip	  when	  it	  passes.	  	  We	  can	  observe	  on	  fig.	  III.19.	  how	  much	  the	  first	  tool	  was	  worn	  after	  all	  these	  tests.	  The	  tip	  wasn’t	  a	  real	  tip	  of	  60°	  anymore	  and	  it	  was	  time	  to	  change	  the	  tool.	  	  	  	  	  	  	  	  	  	  
Figure	  III.19.	  :	  Worn	  diamond	  tool.	  
Width	  (μm)	   Height	  (μm)	  3,987	   4,601	  3,797	   4,423	  3,417	   4,752	  3,797	   5,484	  1,329	   5,037	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3.	  Microcutting	  pillar	  structure	  1)	  Theoretical	  structure	  	  	   Once	  we	  acquired	  some	  experience	  on	  this	  micro-­‐cutting	  device,	  we	  began	  to	  design	  a	  pillar	  structure.	  We	  chose	  the	  following	  dimensions	  relative	  to	  various	  previous	  studies	  about	  wettability	  we	  had	  considered	  :	  	  -­‐	  Structure	  size	  :	  2	  mm	  x	  2	  mm	  -­‐	  Top	  of	  pillars	  :	  10	  μm	  x	  10	  μm	  -­‐	  Height	  of	  pillars	  :	  10	  μm	  -­‐	  Interspaces	  :	  10	  μm	  x	  10	  μm	  To	  do	  such	  microstructure,	  we	  had	  to	  machine	  grooves	  10	  μm	  wide	  and	  deep	  and	  2	  mm	  long	   in	   two	  perpendicular	  directions.	  For	  one	  groove,	  we	  machined	  11	  successive	  cuts	  each	  1	  μm	  and	  knowing	   that	   the	   tip	  angle	   is	  60°,	  we	  calculated	   the	   length	   following	  X	  axis	  between	  the	  base	  of	  the	  pillar	  and	  its	  top	  :	  	  tan(30°)	  =	  x	  /	  10	  μm	  	  	  	  	  	  x	  =	  tan(30°)	  *	  10	  μm	  	  	  	  	  x	  =	  5,77	  μm.	  Therefore	  the	  jump	  between	  the	  last	  cut	  of	  a	  groove	  and	  the	  first	  of	  the	  following	  is	  5,77	  +	  10	  +	  5,77	  =	  21,54	  μm	  (cf.	  fig.	  IV.19.	  ).	  	  	  	  	  	  	  	  	  	  
Figure	  III.20.	  :	  Theoretical	  pillar	  structure,	  side	  and	  top	  views.	  	  We	   calculated	   the	   roughness	   and	   the	   solid	   surface	   fraction	   of	   this	   microstructure	   to	  obtain	   the	   theoretical	   angles	   in	   both	   configurations	   Wenzel	   and	   Cassie-­‐Baxter	  considering	  its	  smallest	  representative	  area	  (cf.	  fig.	  III.21.)	  :	  	  	  	  	  	  	  	  
	  
Figure	  III.21.	  :	  Smallest	  representative	  area	  of	  the	  pillars	  microstructure.	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Roughness	  :	  Ageometric	  =	  31,542	  =	  994,77	  μm2	  Areal	  =	  A1	  +	  A2	  •	  4	  +	  A3	  •	  4	  +	  A4	  •	  8	  +	  A5	  •	  4	  	  	   	  	  	  	  =	  102	  +	  (10	  •	  10,77)	  •	  4	  +	  (11,5	  •	  5,77)	  •	  4	  +(11,5	  •	  5)	  •	  8	  +	  52	  •	  4	  	   	  	  	  	  =	  1356,22	  μm2	  r	  =	  Areal/Ageometric	  	  =	  1356,22	  /	  994,77	  r	  =	  1,363	  	  
Solid	  surface	  fraction	  :	  Atotale	  =	  31,542	  =	  994,77	  μm2	  Asolid	  =	  52	  •	  	  4	  =	  100	  μm2	  φS	  =	  Asolid	  /	  Atotale	  =	  100	  /	  994,77	  	  φS	  =	  0,1	  
	  Once	   that	   the	   roughness	   r	   and	   the	   solid	   surface	   fraction	  φS	   considering	   the	   top	  of	   the	  pillars	   are	   known	  and	  knowing	   that	   the	   contact	   angle	   of	   a	   droplet	   of	  water	   on	   a	  plan	  surface	  of	  this	  stainless	  steel	  is	  θ	  =	  86,6°	  (Young’s	  model),	  we	  can	  deduce	  the	  theoretical	  contact	  angles	  in	  Wenzel’s	  and	  Cassie-­‐Baxter’s	  models	  :	  
	  
Wenzel’s	  model	  :	  	  cosθw	  =	  r	  •	  cosθ	  cosθw	  =	  1,363	  •	  cos(86,6°)	  	  
θw	  =	  85,4°	  
	  
Cassie-­‐Baxter’s	  model	  :	  	  cosθcb	  =	  φS	  (cosθ	  +	  1)	  –	  1	  cosθcb	  =	  0,1	  (cos(86,6°)	  +	  1)	  –	  1	  	  
θcb	  =	  153,4°	  	  	  2)	  Machining	  	  	   Firstly,	  we	  did	  several	  tests	  just	  machining	  grooves	  10	  μm	  wide	  and	  deep	  and	  2	  mm	  long	   to	   confirm	  we	  will	  obtain	   structures	  precise	  enough	   to	  be	  close	   to	   the	   theory.	  As	  observed	   before,	   the	   depth	  was	   never	   the	   same	   from	   a	   test	   to	   another	   following	   the	  different	   clamping	   and	   how	   worn	   was	   the	   tool	   used	   and	   even	   in	   a	   same	   test,	   at	   the	  beginning	   or	   the	   end	   of	   the	   grooves.	   But,	   since	   the	   purpose	  was	   to	   be	   in	   the	   Cassie-­‐Baxter	   configuration	   to	   improve	   a	   lot	   the	   contact	   angle,	   the	   depth	   variations	   are	   not	  really	  important.	  In	  fact,	  when	  we	  are	  in	  such	  configuration,	  the	  droplet	  stay	  on	  the	  top	  of	  the	  pillars	  so	  we	  only	  needed	  the	  grooves	  to	  be	  deep	  enough	  to	  stay	  in	  Cassie-­‐Baxter	  model.	  A	  second	  observation	  was	  the	  formation	  of	  a	  streak	  of	  chips	  on	  the	  right	  side	  of	  the	  tops	  of	  the	  grooves	  knowing	  the	  tool	  machine	  form	  the	  right	  to	  the	  left.	  We	  tried	  to	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increase	   the	   speed	   of	   cutting	   from	   0,5	   mm/s	   to	   5	   mm/s	   to	   see	   if	   it	   would	   have	   a	  beneficial	   influence	   on	   the	   formation	   of	   the	   chips	   and	   the	   regularity	   of	   the	   depth	   in	  addition	  to	  optimize	  the	  time	  of	  process.	  It	  appears	  that	  the	  depth	  was	  almost	  the	  same	  along	  one	  groove	  but,	  on	  a	  other	  hand,	  the	  peaks	  of	  chips	  were	  higher	  that	  was	  not	  good	  for	   us.	   We	   also	   tried	   to	   change	   the	   angle	   of	   tool’s	   entry	   in	   the	   material	   to	   see	   the	  influence	  on	  the	  depth	  but	  the	  results	  were	  not	  relevant.	  So	  eventually,	  we	  kept	  the	  same	  settings	  we	  used	  before.	  	  Here	  is	  the	  profil	  of	  the	  first	  direction	  of	  cutting	  of	  our	  first	  entire	  pillar	  structure	  (test5).	  	  	  	  	  	  	  
Figure	  III.22.	  :	  Top	  and	  3D	  views	  of	  test5,	  first	  direction.	  	  	  	  	  	  	  	  	  	  
Figure	  III.23.	  :	  Profile	  analysis	  of	  test5,	  first	  direction.	  	  On	   the	  whole	  surface,	   the	  depth	  of	   the	  grooves	  varies	   from	  3	  μm	  to	  6	  μm.	  We	  can	  see	  that	  peaks	  until	  8	  μm	  high	  are	  formed	  that	  certainly	  have	  an	  influence	  on	  the	  wettability.	  If	  the	  droplet	  conforms	  to	  the	  rugosity	  of	  the	  top	  of	  pillars,	  the	  contact	  angle	  would	  be	  lower	  than	  expected.	  Also,	   the	  tops	  of	  the	  grooves	  are	  broader	  than	  10	  μm,	  because	  of	  the	  depth	   lower	  than	  expected	  and	  also	  because	  of	  the	  chips	  rejected	  on	  the	  sides.	  We	  measured	  a	  contact	  angle	  of	  128,6°	  which	  is	  already	  an	  increase	  of	  42°	  compared	  to	  the	  original	  angle.	  The	  second	  cutting	  gave	  us	  the	  pillar	  structure	  in	  the	  same	  condition.	  
Width	  (μm)	   Height	  (μm)	  13,327	   4,515	  12,957	   2,790	  7,774	   8,132	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Figure	  III.26.	  :	  Profile	  analysis	  of	  test5,	  second	  direction.	  
Width	  (μm)	   Height	  (μm)	  14,433	   4,987	  10,270	   9,379	  14,156	   4,996	  
Width	  (μm)	   Height	  (μm)	  14,808	   2,961	  12,217	   7,895	  11,106	   3,423	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Those	   figures	   are	   from	   an	   area,	   at	   the	   end	   of	   the	   second	   cutting,	   where	   the	   second	  grooves	  (vertical	  ones)	  are	   less	  deep	  than	  the	  firsts.	  The	  depth	  is	  between	  3	  and	  4	  μm	  but	   the	   first	  grooves	  of	   this	   cutting	  were	  closer	   to	  7	  μm.	  We	  see	   that	  we	  really	  obtain	  pillars	  but	  we	  can	  clearly	  see	  the	  problem	  of	  the	  ray	  of	  chips	  on	  two	  sides	  of	  each	  pillar.	  The	   deeper	   the	   grooves	   are,	   the	   higher	   the	   peak	   is	   and	   sometimes	   the	   chips	   fill	   the	  spaces	  left	  by	  the	  first	  grooves.	  The	  wettability	  measured	  was	  still	  satisfying	  :	  143,9°.	  It’s	  9,5°	  less	  than	  the	  theoretical	  structure	  however	  this	  structure	  increase	  the	  contact	  angle	  of	  57,3°	  compared	  to	  that	  of	  the	  flat	  surface.	  We	   also	   machined	   this	   structure	   on	   a	   9	   μm	   average	   grain	   size	   stainless	   steel.	   The	  finished	   structure	  was	   less	   cleaner	   that	   the	  one	  on	   the	  1,5	  μm	  average	   grain	   size	   and	  that	  is	  what	  we	  were	  expected.	  Indeed,	  the	  depth	  of	  cutting	  is	  almost	  in	  the	  same	  scale	  that	  the	  size	  of	  the	  grain	  and	  if	  the	  grain	  are	  bigger,	  more	  material	  is	  ripped	  off	  when	  the	  tool	  cuts	  what	  also	  means	  that	  there	  are	  more	  chips.	  Furthermore,	  a	  previous	  study	  led	  by	   a	   former	   searcher	   of	   my	   laboratory	   that	   works	   for	   a	   micro	   fabrication	   company	  shows	  that	  the	  smaller	  the	  grains	  are,	  the	  cleaner	  the	  cut	  is.	  Here	  are	  the	  results	  of	  the	  wettability	  tests	  in	  both	  materials	  :	  	  
Structures	   Ø	  1,5	  µm	   Ø	  9	  µm	   Grooves	  1,5	  µm	   Grooves	  9	  µm	   Pillars	  1,5	  µm	   Pillars	  9	  µm	  Contact	  angles	   86,6°	   83,3°	   128,6°	   121,2°	   143,9°	   125,6°	  
	  
Table	  III.1.	  :	  Measure	  of	  wettability	  	  We	   can	   see	   that	   only	   with	   the	   groove	   structures	   (first	   step	   of	   the	   pillar	   structure	  process)	  we	  already	  have	  an	  increase	  of	  the	  contact	  angle	  of	  42°	  for	  the	  1,5	  µm	  average	  grain	  size	  and	  37,9°	  for	  the	  9	  µm	  average	  grain	  size	  that	  result	  in	  a	  big	  decrease	  of	  the	  wettability.	  After	  the	  second	  steps,	  the	  pillar	  structure	  of	  the	  1,5	  µm	  has	  a	  contact	  angle	  of	  143,9°	  which	  is	  an	  increase	  of	  15,3°	  compare	  to	  the	  groove	  structure	  but	  we	  only	  have	  an	   increase	  of	  4,4°	   for	   the	  9	  µm.	  This	  difference	   is	  due	   to	   the	  surface	  condition	   that	   is	  better	   with	   the	   smaller	   grain	   size.	   Indeed,	   there	   is	   a	   lot	   of	   rugosity	   at	   the	   top	   of	   the	  pillars	  of	  the	  9	  µm	  and	  even	  if	  the	  droplet	  is	  in	  Cassie-­‐Baxter’s	  configuration	  globally	  in	  the	  whole	  surface,	  it	  seems	  to	  be	  in	  Wenzel’s	  configuration	  at	  the	  top	  of	  the	  pillars	  so	  the	  wettability	  is	  not	  reduced	  as	  much.	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36	  IV.	  Design	  of	  two	  multi-­‐edge	  tools	  	  1.	  Patterns	  and	  process	  	  	   The	   next	   step	   of	   the	   research	   was	   to	   design	  multi-­‐edge	   tools	   that	   would	   be	   more	  relevant	   for	   the	   size	   of	   microstructure	   we	   wanted	   to	   do.	   The	   idea	   was	   to	   create	  microstructures	  with	  square	  pillars	  of	   the	  same	  size	  (side:	  10	  μm	  ;	  height:	  5	  μm)	  with	  different	  interspaces	  to	  influence	  on	  the	  surface	  fraction,	  so	  on	  the	  wettability,	  assuming	  we	  would	  be	  on	  Cassie-­‐Baxter	  configuration.	  We	  ordered	  two	  diamond	  tools	  with	  an	  edge	  of	  200	  μm	  to	  try	  two	  different	  patterns.	  As	  this	   size	   is	   really	   small,	   and	   the	   process	   to	   obtain	   those	   edges	   is	   not	   that	   precise,	  we	  received	  tools	  with	  an	  edge	  of	  190	  μm	  shown	  in	  Fig.IV.1	  .	  	  	  	  	  	  	  
	  
Figure	  IV.1	  :	  Front	  view	  of	  the	  diamond	  tool	  with	  a	  190	  μm	  edge.	  To	  obtain	  the	  pillars	  described	  before,	  grooves	  of	  10	  μm	  wide	  and	  more	  than	  5	  μm	  high	  have	  to	  be	  dug	  on	  the	  edge	  so	  that	  the	  tool	  will	  not	  be	  the	  limiting	  in	  the	  depth	  of	  cutting.	  We	  chose	  7	  μm	  which	  doesn’t	  give	  us	  a	  big	  marge	  but	  the	  deeper	  we	  dig,	  the	  longer	  will	  be	  the	  FIB	  process.	  Knowing	  that	  we	  performed	  a	  microstructure	  with	  such	  pillars	  and	  an	  interspace	  of	  10	  μm	  previously	  that	  allows	  Cassie-­‐Baxter	  configuration,	  we	  wanted	  to	  try	  with	  bigger	  interspaces	  to	  lower	  the	  wettability.	  We	  chose	  interspaces	  of	  15	  μm	  and	  30	  μm	  as	  shown	  on	  the	  following	  figure.	  	  	  	  	  	  	  	  
	  
Figure	  IV.2.	  :	  Front	  view	  of	  the	  patterns	  for	  the	  multi-­‐edge	  tools.	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  A	  multi-­‐edge	   tool	  was	  machined	   in	   a	   previous	   research	   but	   it	  was	   designed	   to	   cut	   in	  glass.	  The	  method	  used	  to	  dig	  the	  grooves	  was	  simply	  to	  put	  the	  tool	  upright	  under	  the	  beam	  in	  the	  FIB	  and	  dig	  the	  material	  in	  the	  depth	  and	  width	  of	  grooves	  desired	  and	  on	  a	  certain	   length.	   Knowing	   that	   the	   clearance	   angle	   is	   6°,	   the	  minimum	   length	   of	   groove	  must	  be	  calculated	  as	  shown	  on	  fig.IV.3.	  .	  	  	  	  	  	  	  	  	  
	  
Figure	  IV.3.	  :	  a)	  FIB	  process	  with	  minimal	  groove	  length.	  	  b)	  FIB	  process	  with	  smaller	  groove	  
length.	  On	  this	  side	  view	  of	  the	  tool,	  the	  triangle	  above	  the	  yellow	  dot	  line	  is	  the	  area	  where	  we	  have	  to	  dig	  to	  make	  the	  grooves	  but	  the	  FIB	  only	  works	  removing	  the	  same	  quantity	  of	  material	  all	  over	  the	  surface	  we	  ask	  so	   if	  we	  do	  the	  process	   in	  one	  time,	   the	  total	  area	  removed	  also	  contained	  the	  triangle	  under	  the	  line.	  We	  can	  see	  in	  Fig.IV.3.b)	  that	  if	  the	  length	   is	   under	   the	  minimal	   required,	   the	   second	   tip	   formed	   (in	   the	   circle)	  would	   be	  higher	   than	   the	   first	   one.	   Consequently	   the	   difference	   with	   the	   original	   tip	   would	   be	  lower	  than	  the	  7	  μm	  we	  want.	  The	  minimal	  length	  is	  L	  =	  7	  /	  tan(6°)	  =	  66,6	  µm,	  the	  depth	  is	  D	  =	  7	  µm	  so	  the	  volume	  to	  remove	  is	  this	  parallelogram	  multiplied	  by	  the	  width	  W	  of	  one	  groove	  and	  the	  number	  of	  grooves	  N.	  	  V1	  =	  L	  x	  D	  x	  W1	  x	  N1	  =	  66,6	  x	  7	  x	  	  (	  10	  x	  7	  +	  8	  x	  2)	  =	  40093,2	  V2	  =	  L	  x	  D	  x	  W2	  x	  N2	  =	  66,6	  x	  7	  x	  10	  x	  5	  =	  23310	  We	  chose	  to	  work	  with	  the	  “mid”	  precision	  mode	  of	  the	  FIB	  because	  the	  rough	  mode	  is	  not	  precise	  enough	  for	  our	  pattern	  and	  the	  fine	  mod	  takes	  too	  much	  time.	  The	  time	  to	  dig	  1000	  µm3	  on	  diamond	  with	  the	  FIB	  on	  «	  mid	  »	  precision	  is	  t	  =	  2,61	  h	  so	  the	  times	  to	  process	  those	  patterns	  are	  :	  	  t1	  =	  V1	  x	  t	  /	  1000	  =	  104,6	  h	  t2	  =	  V2	  x	  t	  /	  1000	  =	  60,8	  h	  Those	  times	  are	  really	  long	  so	  we	  worked	  on	  the	  optimization	  of	  the	  process.	  
a)	   b)	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2.	  Optimisation	  of	  process	  	  First,	  we	  thought	  to	  put	  the	  tool	  in	  the	  FIB	  with	  a	  different	  angle	  :	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  IV.4.	  :	  FIB	  process	  with	  different	  tool	  angle	  The	  area	  where	  we	  need	  to	  dig	  to	  make	  the	  grooves	  still	  is	  the	  triangle	  above	  the	  yellow	  dot	  line	  but	  the	  area	  total	  where	  it	  would	  be	  dug	  is	  the	  one	  with	  the	  yellow	  solid	  lines	  due	  to	  the	  FIB	  operation.	  The	  minimum	  depth	  of	  the	  process	  is	  D	  =	  7	  /	  cosθ	  and	  the	  minimal	  length	  is	  L	  =	  cosθ	  *	  a	  =	  cosθ	  *	  (7	  /	  tan6°)	  so	  the	  total	  area	  would	  be	  A	  =	  D	  *	  L	  =	  (7	  *	  7	  *	  cosθ)	  /	  (tan6°	  *	  cos	  θ),	  A	  =	  49	  /	  tan6°.	  We	  can	  see	  that	  this	  area	  is	  not	  dependant	  on	  the	  angle	  θ	  so	  the	  angle	  of	  the	  tool	  in	  the	  FIB	  has	  no	  influence	  on	  the	  time	  of	  process.	  	  	  The	  second	  solution	  would	  be	  to	  use	  the	  tool	  during	  the	  micro	  cutting	  with	  an	  angle	  :	  	  	  	  	  	  	  	  	  
	  
Figure	  IV.5.	  :	  a)	  Micro	  cutting	  with	  an	  angle.	  	  b)	  FIB	  process	  to	  use	  the	  tool	  with	  a	  cutting	  angle.	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The	  clearance	  angle	  of	   the	  edge	   is	  6°	  so	   the	  angle	  of	   the	   tip	   is	  84°.	  The	  minimal	  depth	  required	  for	  the	  FIB	  process	  is	  D	  =	  7	  /	  cosθ	  and	  the	  minimal	  length	  is	  L	  =	  cosθ	  *	  (a	  +	  b),	  	  L	  =	  cosθ	  *	  (tanθ	  *	  7	  +	  tan(84	  –	  θ)	  *	  7)	  so	  the	  area	  would	  be	  A	  =	  L	  *	  D	  =	  49	  *	  (tanθ	  +	  tan(84	  –	   θ)).	   This	   time	   the	   area	   is	   dependent	   on	   θ	   and	   we	   trace	   the	   function	   to	   know	   the	  minimum	  area	  possible	  :	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  IV.6.	  :	  A(θ)	  =	  49	  *	  (tanθ	  +	  tan(84	  –	  θ)).	  The	   minimal	   area,	   considering	   the	   length	   and	   the	   depth	   of	   the	   FIB	   patterns,	   comes	  designing	  the	  tool	  to	  be	  used	  with	  a	  cutting	  angle	  of	  42°	  which	  is	  the	  half	  of	  its	  tip	  angle.	  A(0°)	   =	   466,2	   µm2	   and	   A(42°)	   =	   88,2	   µm2.	   The	   time	   of	   process	   is	   proportional	   to	   A	  so	  we	  see	  that	  it	  can	  be	  divided	  by	  more	  than	  5	  using	  this	  method.	  After	  calculation,	  we	  obtain	  t1	  =	  18,4	  h	  and	  t2	  =	  11,5	  h.	  This	  solution	  would	  imply	  the	  manufacturing	  of	  a	  new	  tool	  support	  for	  the	  micro	  cutting	  device	  to	  cut	  with	  an	  angle	  of	  42	  °.	  Furthermore,	  we	  don’t	  have	  data	  on	  the	  influence	  of	  the	  cutting	  angle	  of	  diamond	  on	  our	  material	  and	  Matsumura	  sensei	  assume	  that	  the	  cut	  would	  be	  of	  poorer	  quality.	  	  It	  would	  be	  interesting	  to	  confirm	  that	  in	  future	  studies	  knowing	  how	  much	  it	  reduces	  the	   time	   of	   the	   FIB	  process	   but	  we	  were	   running	   out	   of	   time	   and	   our	   priority	  was	   to	  process	  a	  multi-­‐edge	  tool	  as	  soon	  as	  possible	  so	  we	  opted	  for	  a	  third	  solution	  which	  is	  to	  design	  the	  grooves	  on	  the	  tool	  in	  different	  steps	  as	  shown	  on	  Fig.IV.7.	  .	  	  	  	  	  	  	  
Figure	  IV.7.	  :	  FIB	  process	  in	  two	  steps.	  a)	  First	  step.	  b)	  Second	  step.	  c)	  Total	  volume	  removed.	  
A	  
θ	  
a)	   b)	   c)	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  Indeed,	   the	   fact	   of	   processing	   in	   several	   steps	   reduces	   the	   size	   of	   the	   useless	   volume	  removed.	  For	  a	  two-­‐step	  process,	  we	  can	  see	  graphically	  that	  this	  volume	  is	  reduced	  by	  twice	  and	  the	  total	  volume	  removed	  is	  3/4	  of	  the	  total	  volume	  removed	  in	  one	  step	  so	  the	  time	  of	  process	  is	  reduced	  by	  25%.	  We	  calculated	  the	  same	  way	  for	  a	  3	  and	  4	  –steps	  process	   and	   the	   time	   would	   be	   reduced	   respectively	   by	   33,3	   %	   and	   37,5	   %	   (the	  difference	  decreases	  with	   the	  number	  of	   steps).	  We	  chose	   to	  machine	   those	   tools	   in	  4	  steps.	  Before	  digging	  the	  grooves	  on	  the	  diamond,	  the	  surface	  has	  to	  be	  coated	  with	  a	  metallic	  layer.	   Indeed,	   the	   optical	   system	   of	   the	   FIB	   that	   guides	   the	   ion	   beam	   deviates	   on	  diamond.	  Consequently,	   the	  reference	  point	  cannot	  be	  made	  correctly	  and	   the	  process	  cannot	  be	  launched.	  The	  coating	  will	  just	  be	  useful	  during	  the	  FIB	  process	  and	  has	  to	  be	  thin	  enough	  to	  keep	   the	  cut	  properties	  of	  diamond.	  We	  gave	  our	  diamonds	   to	  another	  laboratory	   that	   has	   a	   coating	   machine	   and	   they	   apply	   a	   100	   nm	   coating,	   which	   was	  enough	  to	  stabilize	  the	  optical	  system	  of	  the	  FIB.	  	  Eventually,	  we	  machined	  both	  tools.	  It	  took	  65,4	  h	  for	  the	  first	  tool	  (cf	  fig	  IV.8.)	  and	  38	  h	  for	  the	  second	  one.	  	  	  	  	  	  	  	  	  	  	  
Figure	  IV.8.	  :	  First	  multi-­‐edge	  tool	  under	  microscope.	  Unfortunately,	  we	  didn’t	  have	  the	  time	  to	  test	   those	  multi-­‐edge	  tools	  but	  the	  following	  interns	  will	  use	  them.	  We	  expect	  the	  structures	  to	  be	  a	  lot	  more	  cleaner	  and	  the	  time	  of	  process	   will	   be	   reduce	   by	   more	   than	   a	   hundred	   times	   compare	   to	   using	   one	   single	  diamond	  tip.	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   After	   theoretical	   researches	   about	   wettability,	   we	   learnt	   that	   there	   were	   three	  different	   configurations	   of	   a	   droplet	   on	   a	   surface	   :	   Young,	   Wenzel	   and	   Cassie-­‐Baxter	  models.	  Knowing	  that	  the	  stainless	  steel	  we	  work	  on	  has	  a	  contact	  angle	  of	  86.6°	  (which	  means	   it’s	   barely	   hydrophilic)	   and	   that	   we	   want	   to	   obtain	   a	   material	   the	   more	  hydrophobic	  possible,	  we	  wanted	  to	  create	  a	  surface	  that	  allows	  to	  be	  in	  Cassie-­‐Baxter’s	  configuration	   because	   it’s	   the	   only	   one	   that	   could	   improve	   the	   contact	   angle,	   and	   so	  lower	  the	  wettability,	  lowering	  at	  the	  same	  time	  a	  lot	  the	  adhesion	  of	  the	  surface.	  After	  an	   initial	   work	   on	   the	   FIB	   and	   considering	   using	   a	   stamping	   process,	   we	   secondly	  thought	  it	  would	  be	  easier	  to	  use	  a	  micro	  cutting	  process	  with	  diamond	  tools	  because	  of	  the	  material	  we	  used.	  The	  micro	  cutting	  device	  has	  a	  high	  resolution	  but	  after	   several	  tests	   of	   cutting	   we	   encounter	   a	   problem	   of	   reproducibility,	   especially	   regarding	   the	  depth.	  Indeed,	  it’s	  hard	  to	  obtain	  exactly	  the	  same	  depth	  of	  cutting	  each	  test	  and	  even	  in	  a	   same	   test	  when	  workpieces	   are	   thin	  metal	   plate.	   The	   clamping	   is	   never	   exactly	   the	  same,	  the	  plate	  can	  have	  small	  deformations	  and	  the	  surface	  may	  be	  not	  perfect	  either.	  The	  clamping	  and	  the	  cutting	  has	  been	  optimized	  and	  a	  theoretical	  microstructure	  has	  been	  designed	  :	  small	  pillars	  of	  10	  µm	  height,	  side	  and	  interspaces	  between	  each	  other.	  It	   has	   been	   calculated	   that	   if	  we	  were	   in	   Cassie-­‐Baxter	  model	  with	   this	   structure,	   the	  contact	  angle	  could	  be	  increased	  of	  more	  than	  60°	  but	  on	  the	  contrary,	  being	  in	  Wenzel	  model	  would	  decrease	  it	  what	  is	  not	  our	  goal.	  The	  structure	  has	  been	  machined	  in	  both	  1,5	   µm	   and	   9	   µm	   average	   grain	   size,	   to	   verify	   the	   influence	   of	   the	   grain	   size	   (smaller	  grain	  size	  result	   in	   lower	  wettability),	   that	  was	   the	  purpose	  of	  a	  previous	  study,	  more	  the	   influence	   of	   the	   microstructure.	   Even	   if	   the	   structures	   wasn’t	   perfect	   with	   this	  process,	  we	  obtained	  the	  pillars	  and	  the	  contact	  angle	  has	  been	  increase	  more	  than	  50°	  in	  the	  1,5	  µm	  average	  grain	  size	  stainless	  steel	  and	  more	  than	  35°	  with	  the	  9	  µm	  average	  grain	  size	  one.	  We	  envisaged	  the	  creation	  of	  multi-­‐edge	  diamond	  tools	  with	  the	  FIB	  that	  could	   improve	   the	  process	   in	  different	  ways	   :	   the	   time	  of	  process	  and	   the	  wear	  of	   the	  diamond	   would	   be	   minimised	   and	   the	   microstructure	   is	   expected	   to	   be	   cleaner.	   The	  design	  has	  been	  optimized	  defining	  the	  good	  length	  of	  grooves	  on	  the	  tool	  and	  choosing	  to	  process	  it	  in	  several	  steps.	  Eventually,	  we	  machined	  two	  multi-­‐edge	  tools	  that	  will	  be	  used	  by	  the	  following	  interns	  on	  this	  research.	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  V.	  Budget	  and	  environmental	  impact	  1.	  Budget	  	  	   You	  will	   find	   below	   an	   estimation	   of	   the	   budget	   for	   this	   research	   during	   6	  months	  with	   the	   information	   that	   has	   been	   given	   to	   me.	   The	   specific	   cost	   consists	   only	   in	  material	  costs	  and	  staff	  costs.	  Indeed,	  the	  operating	  costs	  were	  only	  those	  of	  electricity	  costs	  (which	  were	  not	  given	  to	  me	  but	  said	  negligible).	  You	  will	  also	   find	  the	  prices	  of	  the	  different	  devices	  that	  we	  used.	  They	  are	  not	  only	  used	  for	  this	  research	  but	  also	  for	  all	  the	  other	  researches	  about	  micro	  manufacturing	  led	  by	  this	  laboratory.	  	  The	  only	  material	  costs	  are	  the	  prices	  of	  the	  diamond	  tools,	  300€	  each.	  During	  those	  6	  months,	  we	  used	  four	  of	  them.	  Indeed,	  diamonds	  are	  the	  only	  material	  we	  used	  with	  half	  a	  dozen	  of	  stainless	  steel	  plates	  2cm	  x	  2cm	  (whose	  price	  negligible).	  Material	   Quantity	   Cost	  Diamond	  tool	   4	   4	  x	  300	  =	  1200	  €	  Stainless	  steel	   24	  cm2	   Negligible	  
	  
Table	  V.1	  :	  Material	  cost	  estimation.	  
Total	  :	  1	  200	  €	  	  We	  were	  two	  students	  working	  on	  this	  research.	  The	  second	  one	  was	  from	  our	  French	  school	  in	  double	  degree	  in	  Tokyo	  Denki	  University	  and	  wasn’t	  paid	  for	  this	  internship.	  Staff	   Wage/month	  (€)	   Total	  cost	  (€)	  Double	  degree	  intern	   0	   0	  TFM	  intern	   600	   3	  600	  
	  
Table	  V.2	  :	  Staff	  cost.	  
Total	  :	  3	  600	  €	  
	  Some	  of	  the	  devices	  we	  used	  are	  particularly	  expensive,	  which	  is	  often	  the	  case	  when	  it	  comes	   to	  micromachining.	  Several	  different	   researches	  about	   it	   are	   in	  progress	   in	   this	  laboratory.	  However,	  their	  running	  costs	  were	  only	  the	  electricity	  provided	  by	  the	  TDU	  and	  I	  didn’t	  have	  access	  to	  this	  information.	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2.	  Environmental	  impact	  	  	   During	   this	   research,	   the	  materials	   used	   don’t	   have	   any	   remarkable	   environmental	  impact	   knowing	   that	   we	   used	   four	   small	   diamonds	   and	   about	   24	   cm2	   of	   really	   thin	  stainless	  steel.	  Furthermore,	  we	  didn’t	  use	  any	  toxic	  chemicals.	  The	  only	  impact	  that	  could	  be	  noticed	  is	  the	  electricity	  that	  the	  devices	  need	  to	  operate.	  Particularly	  regarding	  the	  FIB	  which	  can	  operate	  several	  days	  in	  a	  row.	  Globally,	   regarding	   control	   of	   surface	   functions,	   we	   worked	   on	   the	   surface	   structure	  approach	  which	  is	  the	  physical	  treatment	  of	  the	  surface.	  In	  a	  large-­‐scale,	  these	  methods	  have	   lower	  environmental	   impacts	  than	  the	  surface	  modification	  approaches	   including	  material	  treatments	  such	  as	  coating	  and	  plasma.	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